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A BSTRA CT

— 

‘
:~ One pol ymer composites have been prepared using different morpholoqies of

polyethy lene as matrix and as the reinforcement. Depending on annealing conditions ,

the ultra--oriented fibers used as reinfo rcement can have higher melting points (~ 139°C)

than the matrix made from the same convent ional ly-crystal l ized hiqh density polyethy lene

( —  132 °C) or from low density polyethy lene (— 110°C) - The optimum temperature has

been assessed for bondinc~ to occur by qrowth of transcrysta l line reqions from the melt

matr ix  without considerable modulus reduction of the annealed ultra-oriented and

• reinfo r~ ’~rnent fiber or f i lm . Pullout tests have been used for determinina the interfacia t

shear stren~ th of these one polymer composites . The interfacial shear strenoth for

the hiah density pol yethy lene films embedded in a low density polyethylene matrix is

7 .5  ~-~Pa and is 17 MPa for high density polyethy lene self- composites . These values are

greater than the strength for alass-reinforced resins . The strength is mainl y due to

the uni que ep itaxi& bondino wh ich gives cireater adhesion than the compressive and

radial stresses arising from the differential shrinkaqe of matrix and reinforcement .

T~’-e ~ - r - ~ile modulus of composites prepai-~ d from uniaxia l and continuous hioh density

~)ot y ( - t by lene films ernhedded in low denst ty polyethy lene obeys the simp le law of mixtures

r~r d  the r’~inforced Iov~ density pol yethy lene modulus is inc reased by a factor of ten .

Hiqh ‘-~t ien  ~(I~ cro~~ p ? y Ii ~I ( lens i  ty pol yethy lene ,’ low density polyethylene laminates

have diso been pi ‘pr r~ d ~nd the mechanical properties have heen~~~~iied as the film

orientation is v~ r ied w i th  ( spec. t to the tensile ax is .

-- ~~~
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I. INTRODUCTION

Great strength enhancement and resistance to fracture can be obtained when

• a high strength fiber is used to reinforce a low strength polymer matrix. Ultra--

oriented and high modulus N 70 GPa) high density polyethy lene (HDPE) fibers and

film stri ps have a lready been prepared in th is labo ratory by solid state extrusion in

an Instron Capillary Rheometer (1 ,2) .  The higher nylons have also been prepared in

this ultra- - oriented form by so lid state extrusion (3) . It has consequently been

possible to prepare composites from a single pol ymer by using a difference in melting

points between a matrix and a thermodynamical ly more sta ble , ultra-oriented , chain-

extended crystal form of the thermop lastic.

Cap iati and Porter (4) showed that a very high interfacial shear strenoth of

17 MPa was ac hievable for HDPE self-reinforcement . This value is greater than the

bonding strength for glass-reinforced polyesters and is due to the unique exp itax ial

bonding rather than the radial forces from compressive shrinkaae . The temperature

at which the HDPE fiber was embedded in the matrix was 139°C.

Recent work has shown (5) that the ultradrawn HDPE fibers underqo structural

reorganization at annea ling temperatures as low as 132°C, the ambient melting of the

conventionall y-crysta l l ized HDPE . However , annealing of laterall y constrained fibers

below 13 5°C does not result in structural changes as detected by diffe rential scanning

calorimetry . This is possibly a result of constraining the morpholociy , thus reducing

entropy changes and increasing the melting point. This distinction of apply ing a

latera l constraint is crucial since fiber annealing decreased the tensile modulus from 

- - - -— - -~~~ .-  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -
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70 GPa towards the 1 CPa observed for the unoriented HDPE. Thus the temperature

for preparing the one polymer composites is chosen to insure a high surface energy,

promoting matrix nucleation , epitaxia l crysta l growt h and perfect bonding between

matri x and fiber. The embedding temperature , however , must be low enough to avoid

a si gnifi cant dec rease of modulus during annealing .

In the present study a tow density polyethy lene (LOPE) and HOPE is used as

the matrix while ultra-oriented films and fi bers of HDPE are used as reinforcement .

Thus the composite modulus can be increased dramaticall y ove r that of the matr ix.

The interfacial shear strength of these new composites has been stud ied as wel l  as

the mechanical properties of uniaxial and continuous HOPE fibers and film stri ps

embedded in a HDPE and LOPE matr ix. The properties of cross ply laminates have

also been considered .

I t .  EX PERIMENTAL

The high modulus , high density polyethy lene prepared in this and in previous

studies by so lid state extrusion was duPont Alathon 7050 which has wei ght and number

averoqe molecular wei ghts of 58 ,000 and 18 ,400 (1 ) .  The material used as matrix for

the composites was the H[)PE and Alathon 2820 LDPF wi t h a Melt Index of 23 and a

density of 0 . 9 1 6g m  cm

To extrude the high modulus films and fibers , stainless stee l dies were used ,

wit h a we kie c ha 1ed die for the fi lms and a conical die for the fibers . The entrance

width of the Wed( t decreased over a distance of 2 .8  cm from 0.8  cm (2h) to 0.04 5 cm (t)

A - - - - — -S -. .- --~~~-S - -~~~~—-- - - - ~~~~~~~~~~~ S .-~~~~— - -  —
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V 
(equations using these symbols are given below), equal to the th i ckness of

the thin film produced by extrusion through the die. A second die was used wi th an

initial inset width of 0.8cm (2b) decreasing at an angle of 16 .7 ° to the extrusion

axi s to a width of 0.2 cm (2c). c then decreased at an anale of 7 . 1
0 (8

2
) to the

- - extrusion axis unt il the width of the die inset was equal to the film thickness. The

geometry of the conical die and its draw ratio variation have been described else-

whe re (5,6). The dies were polished and cleaned with acetone .

The fi bers and fi lms were prepared accord i ng to the details now descri bed

e lsewhe re ( 1 ,6). No lubricant was used for the extrusion . The crystal l ization and

a 
extrusion temperature and pressures were 134°C and 0.23 CPa , respectivel y. An

lnstron testing machine model TT M was used for the tensile modulus and strength

measurements. The tens ile modulus was determ ined by the tangent to the stress - strain

curve at a strain level of 0, 1~~. A strain gauge extensometer was used and eac h modulus

measurement was an average of the modulus variation of the fiber over the length of

the strain gauge , equal to 2. 5 cm. The aspec t ratio of the fi lm stri ps was of the order

of 300 so no end correction was necessary for the modulus data (7) . The tensile

strength and modulus measurements were conducted at room temperature at strain

rates of 2 x ~~~ sec
1 and 2 x 10~~ sec 

1

The i nterfac i at shear strength of the composi te was evaluated by a method

descri bed by Capiati and Porter (4) exce~ t that no pressure was maintained on the

fiber/matri x system to avoid laterall y constraining the fiber and thus prevent necessary

structural reorganization of the fiber surface for bondino and epitaxia l growth . Further ,

the fibers were annealed for twenty minutes prior to cooling the composites at — 1°C

— mm 1 to room temperature . Composites were also prepared by plac ing the f i bers or

-~~~~ - - - -- ~~~~~~-- - S  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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thin films in a press (PHI , California) . The temperature of the mold was 130°C, unless

otherwise stated, and was monitored with thermocoup les placed into holes dri f led into

the mold near the specimen. The composites were heated for 30 minutes unless otherwise

stated. Dumbbell-shaped composites were prepared with a cross-sectional area of

1 .27 x 0. 3 cm , and other thicknesses necessary to vary the volume fraction of fiber

content. The h igh modulus fibers and fi lms of HDPE were cleaned by di ppina them in

acetone at room temperature .

Ill. RESULTS AND DISCUSSION

1. Mechanical Properties of Annealed HDPE Fibers

The annealing characteristics of the ultra - oriented fibers have been reported else

where (5). The reinforcing fibers on annealing (applying no lateral constraint and usino

anneal i ng temperatures above 126°C) can themselves become composites consisting of an ul tr d

orien ted and high melt ing point N 139°C at 100C mm 1 
heating rate) fiber core retaining

the properties of the ori gi nal fiber, sur rounded by a matr i x hav i ng a melt ing point — 7°C

lower than the core . The matrix has a lower degree of orientation and crvsta llinity than the

fiber and has a morphology with possible chain- - fold content and decree of crystal linity
.

similar to the ori qinal HOPE used prior to the solid state extrusion . The mechanical

properties of the annealed fibers are of importance since they are composites with an

ideal morphology gradient from fiber to matrix. The problem of producing epit axial

growth from two different clean polyethy lene surfaces is thus avoided .

For laterall y constra i ned f i bers , the modes of deformation of the HOPE constrained

fibers ( i .e. fibers heated in a steel tube equal to their diameter) heated for one hour at 
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successi ve temperatures from 1314 to 1390 
have also been evaluated . Above 135°C

the initial tangent modulus and ultimate strength of the fiber rapidl y decrease as the

temperature of the fiber approaches 139°C. The extent to which the annealed fiber had

undergone structural reorganization is estimated by the parameter 
~ F’ the weiqh.t 

fraction of structurall y reorgan ized fiber (5) . WF increases approxi mately ex ponent i ally

with temperature . As the temperature of the constrained fiber is increased from

135°C to 139°C, WF varies from zero to unity . As WF varies from zero to un i ty , the

fiber modulus decreases from — 70 CPa to the tensile modulus of an unoriented HOPE ,
A 

1 GPa , as shown in Fi gure 1.

WF may also be defined i n terms of the volume fracti on of fi ber , assumino

the matrix and fi ber form separate phases of density d~4 and dF. respect i vel y.

The volume fraction of fiber

- d -

V F = (1 - WF) / ( 1  +w - 1])  (1 )
M •

The data of tensi le modulus versus W
F or VF is shown in Fi gure 1. The data of tensile

modulus versus for W
E > 0. 1 may he represented by a law of mixtures (as given by

Equation 9, below). The discrepancy of the modulus data from the law of mixtures for

WF < 0. 1 may be due to the vari ation of VF with WF si nce dF/d~j 
is of the order of one

and V
F 

(1 As W
F 
approaches zero, the assumption that two distinct phases

are formed may not be valid. The modulus of the ultradrawn fiber will also be a function

of the crystal aspect rat io as discussed in more deta i l elsewhere (5,8).

-~~~~~~~ -- —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- - A brittle mode of deformation was observed for fibers annealed at 135°C. The

extension to fracture was of the order of 3 - 5%, the modulus was — 70 GPa and the fracture

surface consisted of long “needle-like ” fibrils. A cold drawing mode of deformation was

observed after anneal i ng the fi ber at 1 38°C. This mode was associa ted w it h local yiel ding

and an extension to fracture of the order of 200%. The drawn HDPE has a meltin g point

of 138°C at 10°C heating rate .

The radia l thickness , Ar , of the structurall y reorgan i zed outer surface of the

annealed fiber (of radius r equal to 0.066 cm) may be estimated. For ease of computation ,

it has been assumed that the melted fiber forms a dis tinct separate phase , then

Ar = r (1 — V
F

) (2)

Since the time and temperature of WF have al ready been estimated (5), the time and

temperature dependence of the melted region may also be deduced from Equati ons 1 and

2. Equation 2 shows that for laterall y constrained fibers heated below 13 5°C when WF

i s zero, VF is one and Ar equals zero . Hence composites prepared by embedding

laterally constrained fibers (i.e. embedding the fibers under hi gh pressu re) i n the

matri x below 1 35°C w ill have low interfacial strength arisin g only f rom the rad i al

stresses which exist across the interface and which are estimated in Section 2. II

the thickness of the annealed fiber required to form expitaxial growth is one micron ,

then 
~ F must be greater than 2 x 10 or V

F must be less than 0.998. The embedding

~

-.-- - - -

~

-
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temperature must also be sufticientl y high to produce a hiah surface ene rgy promoting

epitaxial growth without si gnificantly reducing the mechanical properties of the

fibers. HOPE composites having an ideal mo rphology gradient and bondinci can he

directl y prepared by extrusion at temperatures hiaher than 1314°C.

2. Evaluation of Inte rfacial Bonding

A key to understanding the tensile properties of the composites is the

elucidation of the nature of the composite components. The ultra- - oriented polyethy lene

fi bers have hereto fo re been subjected to intense characterization (1 ,8) .  The thermal

properties of the fibers as they are annealed to form composites have already been

discussed (5) w hile the time dependence of the birefringence of the annealed fibers

wi l l he repo rted elsewhere (9) .

In this section a study is made to deduce the annealing temperature at which

adhesion between matrix and fiber is a maximum and where the fiber annealinci and

structural reorganization is a minimum. The fo llowing experiments were therefore

conducted .

A system , as dev ised by Kell y and Tyson (10) , was used and developed by

Capiati and Porter (4) for studying the inte rfacial strength of fi bers and films embedded

in a matr ix .  The strength of the mat r ix - f i ber inte rface is measured by fiber pullout

experiments dt constant strai n rate . The pullout stresses are measured on fibers

embedded to various lengths in the matr ix .  The averaae interfacial shear stress ,

is defi rf -d  as t hA pul lout force divided by the late ral area of the embedded f iber. 
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Figure 2 plots 1Av versus TE, the temperature at which the fiber was embedded

into the matrix. The embedded fi ber length was 1 cm. The draw ratio va,- iatior i along

the fiber was only 25 - -  30. The annealing characteristics of the fibers are dra~ ratio

Jcpendent (5) . The temperature range used was ~15°C, i.e. from S
OC above the

melting point of the LOPE to 139°C, the melt ina point of the constrained H~~PE fiber .

At 115°C the pullou t force is less than 0.2 ~ Pa and there is apparentl y no bonding

between matrix and fiber. As the embedd i ng temoerature , T[. is increased , AV 
ris€-~ -

The increase of does not uniquely prov e that there is epi tax i a l  bonding s ince the

bond strength could also be due , in part , to compressive forces arisin g from coolinq

the composite from the embedding temperature T E to room temperature , ~~~ i.e

tAV k An ~.T (3)

where

a Au — j - 

L

and

AT - T - T ,E R

wh et e k Ic proportional to the modulus of the matr ix , 
~~ 

arid ‘ are the e> p~’nsion

coefficients of the P~ ; !t r ; x and fiber perpendicular to the a x i s .  1A~’ 
w i l l  the refore be 

_~~~~~~~_ ~~~~~~~ . _ -~~~~~~-- . _ - ~~~~~~~~~_ .- ._ , . 5_-— - - -~~~~~~~ - S~~-- - -~~~~- 
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proportional to the embedding temperature due solel y to the contractive fo rces . In

Fi gure 2 the work done in puflinq out the fiber from the matri x is also evaluated.

~~ 
( iid) LF

2 
( 14)

where d is the fiber diameter , L[ is the fiber length embedded in the matr ix .

The embeddinr temperature wh~ ie TAv is a maximum wi l l  depend on the lateral

constraint app lied to the fiber. If the fi ber is constrained , a higher embedd inn terrper~ t~ ru

wi l l  he required N 139°C) for high inte rfacial strength . Hence by constrainino the

fiber it is possible to produce a HDPF self composite . The ultra - oriented HOPE fibers

or films undergo structural reorganization above 135 °C w hi le  the HOPE matr ix  h ic  a

l A - I t i f l f l  point of 132°C. Capiati and Porter (14) obtained a va lue of 17 ~ Pa for the

interfacial shear strenat h of HOPE self - - composites . This may not he the maxim um

obtainable value for SUCh composites , even though the strenath is qreat~ r than for

~ilass reinforced fibers . The embedding temperature where is a maximum ~il l

also depend on the annealinu time hut this may not be crucial once the outer surface of

the fiber is annealed to form a bond with the matrix -

In the region of 130 135°C , expi tax ia l  hondino appears to occur as show n by

the maximum of TA\ , versus TE. Bonding is expected to occur in this range since laterall y

unconstrained fibers structurall y reorganize near 130°C. A t  139°C the annealed f i he t s

necked at the fiber matr ix inte rf icc during the pullout tes t  - This exp lains why the s t ra in  to 

5- ~~~~~~~~ ----- - -
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fracture of the bond , shown in Figure 3 , rap idly increases with embedding temperature

The ~~t rd in to fracture of the bond was deduced from the stress strain cur~~u ii u.hich

-- the stress ap idly decreased followed by the fiber pullini. out of the matr ix .

The max imum interfacial shear strength of the fiber matrix bond .~as de uced

as fo l lows.  tAV was plotted against LE, as shown in Ficiure 4 . Extrapolation of LE
to zero length then ci ives the maximum shear strengt h of the interface , which is

7.5  ‘W a. This value for the bonding strength in LOPE is approximate ly one half

that obta ined by Cap iati and Porter (4) usino HOPE as matr ix  - The contributiur c t

the frictional stress to the interfac ial strencith is comparative l y low ~ 10~ ) ~

these one pol ymer com posites. The cr i t ical  aspect ratio ( L ‘ c P)~ of the HOPE I ! ~

pos ites is apparentl y tw ke  that of the HOPE self composite which is 9. The crit ic.i I

aspect ratio for a fiber embedded in a matrix to a length ~ is (11 )

(L\  1= (.
~~

where °F is the fracture stress of the fiber . The cr i t ical  fiber length , L
~ . for a f iber

embedded in the matrix - countinci hcth ends is L - - -- c F A\

The derivation of Equation 5 is obtained by assurninc i the plast ic flow model

~t f  Kel l y and Tyson (10)  . Caution must he expressed in the use of this equation n th is

tex t .  I s the ~hot t~ st fiber in which the rein fo rced ‘ :nlu n a P  fa i Is by fiber f t  actor a-

rat her than by int ea facia l  c lel)on(Iinq. I luwt. vc t  , the n a j ~ r i t y  ( 1  ‘la’f nrmatiun t u-~t -  f

- -— - -~~~~~~~~~~~--~~~ - -- ---- -~~~~~~~~~
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the HDPE self- composites and the HDPE/LDPE composites produced interfacial dehondina

rather than fiber fracture , although deformation of HDPE annealed fibers produced

fracture of the fiber core which then separated from the matr ix.  By definition of the

critica l fiber Iencjth , the longest fibers capable of surviving in the deformed composite

without fracture must he less than L , whi le fibers exceedina L must fracture .
C - C

Cap iati and Porter (4) showed the presence of t rans-crysta l l ine reg ions

between fibe r and matrix using optical microscopy . For HOPE/LOPE composites an

intercrystall ine reg ion between fiber and matrix was also observed . Further experiments

are being pursued to distinguish between the morphology produced by annealino of the

fiber surface and epitaxia l  growth betwee n fiber and matr ix.

3. Mechanica l Properties of tiniaxial Continuous
HDPE Film Stri ps/ LOPE Composites

The modulus variation of the extruded fibers with draw ratio , OR , as a function of

— the extrusion variables wi l l  be reported elsewhere (9) . Fioure 4 plots for the fi r s t  time tin-

modulus variation of the high modulus thin film stri p versus PR. The draw ratio of tha-

t w o  step or double angle entrance we&le -shaped die is , assuming constant volume deformation ,

OR - ____  ~~~~~~~~~~~~~~~~~~ 2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(6 )

tanO h tan(3 -

E( L 2 tan 2
ft, + c2 [1 - +

~~~~~
———

~
-—

~~ ) - L tanfl2 l 

- — - 5 —---— - --~~~~~~~-- - - -  5 -— 5~~ - - --- .- ~~~-5-
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where L is the extrusion length . The PR of the film str ip from the sing le ang le wedge -

shaped die is given by Equation 6 w i th °
~ ~2 and b - = ~~~, i .e .

DR = 
2 2 

b 
2 1 ~~~~~~~~ (7)

[ (L  tan ía + h ) 
/2 -- L tanP ,J

with DR 2 h t  K 17.8 , i .e .  provided onl y HOPE in the die reservoir is extruded .

This may he simplifi ed for L >> h (providino 0 K 900) to

- 2L tan aj
= 

~~~~~~~~~~ 
(8)

The modulus variation in the ultradrawn HOPE film str i ps is therefore propor

tional f the’ extrusion length. The maximum modulus of the stri ps is not as hieh as for

fibers . This is because the draw ratio variation of a wed ge- - shaped die is a l u n a r  ratio

of t he entrance and die exit  dimensions , unlike a cone in v hich the draw ratio variat ion

is proportional to the sauare of the ratio of the initial and final die inset dimensions .

At a draw ratio of 16 , fracture of the thin film str i ps was observed with the fracture

r) Iana s perpendicu lar to the extrusion direction - Apparentl y ,  the fracture of the

5_ I  
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ - - 
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ultra oriented HOP E is not dependent on the absolute modulus with die d ie r r r-e t ry  deter

rHnincr both the onset of fracture of kink hands as well  as the mode of fracture.

In Figure 6 the tensile modulus of the thin film stri p is plotted as a i j nh tiun

of the extruc late length. The parameter , “F’ shown iii Finure 6 , refe rs to the volume

Iraction of f ilm. The ultra- oriented HOPE thin films were embedded in the LOPE mat r i x

at several steps of V F. The modulus of the composite was again measured us inn a

strain gauge extensometer along the fiber length embedded in the matr ix.  ,4 s

— increases the modulus at a given fiber length decreases . The tensile modulus of the

composite , E, was determined using the cross-sect i onal area of the composite - The

bottom curve in Figure 6, .0. V F 0, refers to the matrix modulus . The modulus of

the composite is dominated by the fiber modulus.

Figure 6 may be rep lotted with either fiber length or draw ratio as the parametric

van able . In Fi gure 7 the full l i ne s  , 1 t t -  drawn accord inn t~ the si niple rule of iv i xt t i res .

E V F EF + (1 - 

“F’ F~, (9)

.

where E F and I are the fiber and matr ix modulus , Equation 9 neglects the term

F 
~
,, 

/ (V F V~~) where is the volume of the hond layer and the corresponc 1inn

F of 7 5 ~~Pa , the inte rfacial  shear st rennth of the bond . Equation 9 can hi- rearranoed :
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F = V F (E F 
- F~1

) + E~ (10)

to show that the experirr.ental points in Fi gure 7 appear to agree wi th Equation 10.

Ficture 8 shows a plot of the tensile strenctth of the continuous film str i p

composite versus V F The ultimate strength of a composite containing uniaxial l y - alinned

uniform strength continuous fi lms at a volume fraction qreate r than a certa i r-  c r i t ica l

value can be described in terms .iI the simp le rule of mixtures .

d C ~~ 
V F 

+ (1 - V f ) ( 11 )

where °M 
is the stress supported by the matrix when the reinforcement fractures and

IF is the fracture stress of the thin films .

There appears to be some deviation of the data from Equation 11 as shown by

the full line in Fi gure 8. This is most probab ly due to the less than perfect bonding

between matrix and reinforcement. The thin film str ips do not have uniform strength .

4 . Cross- Ply Laminates

The ultra oriented f ibers are highly anisotropic as shown by t he e\nans Iatr

c ( l e I t i d iC r l t S  parallel and perpencJicu lar to the tens ile axis (9) . The longitudinal st i f fness 

-~~~~
_- - -- ----- - - -_ -

~~~~~
- . -  - - - - -. -- - - -

~~~~~~~~~
- -
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-
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is an order of magnitude higher than the transverse st i f f ness. It may be expected that

the tensile modulus of a composite with increas ing fiber orientation , e , with respect to

the tensile axis , wi l l  decrease as 0 approaches 90
g

.

A ply is a thin sheet of material consisting of an oriented array of thin fi lms

embedded in a continuous matrix ( 1 2 ) .  To produce a laminate two plys were bonded

together with the planar thin films at ± (I to the tensile axis .

Fi gure 9 shows the variation of the tensile modulus wi th orientation of the thin

films with respect to the tensi le ax i s .  The modulus rap idl y decreases with orientation and ,

when 0 is 90°, the modulus of the composite , F22 ,  approaches that of the LDPF matr ix ,

- 0. 2 CPa . The value of the transverse modulus of the compos ite , when 0 is 900 , may

also be deduced from the simp le law of mixtures , i .e .

1 ( 1 — V )  V Fa 
— — ________ — - ( 1 2 )EM EF

and F — 0 .2  GPa when V = 0 .1  and E - 10 CPa . When ~ is 0°, the modulus of the
.

composite is calculated using Equation 9. The lonqitudinal modulus should he 1 ( P a

The experimenta l value is sli ghtl y less than th is. Since a dumbbell-shaped mold was

used , then as ~ is varied the aspect ratio of the fi lms also var ies.  The elast ic  modulus of

unicJir~’ct ional c (~mf )nsItes wi th anisotrop ii Ii laments has been calculated (1 3 , 114) 

--~~~~~- -~~~~~~~~~~~~~~~~~~~~ - - . - .- -.- -  41
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The tensi la modulus of the ( rus s pl y ; a n a i n , i t a  ~ 
~

‘ , as a function of u i l ur

orientation is qi Vi’11 l a y  (1 11)

4 2~’ . 21 — 
cos 0 , 1 

- 
1 2 sin 2 )  sin I ’

F ’  
- 

~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~ - - -- a- -
~
- -- ( 1 3 )

11 11 ‘ 12 11 22

1’

where F 11 , 22~ 
C1 2 and \‘~ 2 are ti-ic princi pal elast ic moduli of the Ciimposit - and .ini’

the lonui tudinal st i ffness , transverse stiffness , the long itudinal shear modulus an’

the n~~j or Poissons ratio , respectivel y.  Both F and “12 
fol low the rule of n’i x t u n a - ~-

equation (1 5) . The tensile modulus of the composite when is zero , or the lotni i tu

(4 inal modulus , is 0.81 CPa from Fi gure 9. F22 
is assumed to he equa l to 0 . 1 5  (‘Pa .

Eoth ‘12 
and G 12 

have not been measured for the ultra-oriented filaments . It w i l l  he

assumed that v
12 

= 0 . 3  although it is possible that “12 
is far greater than this value

because of the high anisotrop ic behavior of the ultradrawn fibers . The lonqitudinal shear

modulus can he predicted from existing anal yses (15 ,16).  C
12 

for an i sotrop ic filament
.

is given by G
12 

F
1 i

/ 2 ( 1  “12~ 
- Thus C 12 

= 0 .31  GPa if “12 
0 . 3  and 

~~ 1 - 0 .81  (‘,Pa .

The experimenta l data in Fi gure 9 lies between the tippe r and lower hound dotted lines

using Equation 13 W i  tli ~ 12 
equal to 0. 3 and C 1 2 

equa l to 0 . 3 1  afldl 0 .25 .  The tens ile

modulus ye n suis i a , - s  a Iso been calculated as th e ;i’ -~ a a i t  rat io i~ varied ( 1 2 )  - 



- -~~~~~~~~~~~~ -~~~~--.--~~~~
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Figure 10 s hows the tensile strength of the cross - - ply laminates vers us ~~,

the angle the planar thin film stri ps are oriented with respect to the tensile a x i s .  The

tensile strength of the polyethy lene composite was determined by the ratio of the

maximum stress sustained by the composite befo re catastrop hic failure or f i lm pullout

due to debonding to the cross--sectional area of the composite perpendicular to the

tensile axis. The volume fraction of f ilm was constant and equal to 0 .1 .

The tensile strength measurements are marked ly dependent on 0 . The tens il”

strength of the composites decreases by a facto r of — 5 as Ii var ies from 0 to 90 degrees

This facto r is comparable to the rat io of the tensile strength of the film parallel and

perpendicular to the tensi le axis.  The strength measurements wi l l  also he cleter ra ned ,

according to Equation 3 . by the maximum interfacial shear strength of the comnoc ite

bondinc, . As 0 approaches 9Q 0
, the interfaciat fai lure occur ’s by fracture and

separation of the matri x and f i lm. The tensile strength of the composite when 0 is

zero degrees is determined hy the law of mixtures , Equation 11. When (3 is 90 (ledirees .

the tensi le strength of the composite w i l l  he comparable to the tensile strenoth of the

LOPE matr i x .  Mathematica l treatments that have been used for oredictinci moduli at

cross ply laminates can also be used for nredicting their tensi le strengths ( 1 2 ) .

A further composite which can urn’.’. be ev- ,luated , in y e w  of the orientation

study qiven above , is that of a ba lanced and symmetr ical 0 ,90 0 laminate wi th tw o

0/90° laminates stacked in sequen ce . The stress - strain behavior of this type of

composite has been predicted (17) . A bilinear stress strain c u rv e  is expected up to

- . rupture - Fi gures 11 and 12 show t he s t r e s s  strain and f racture behavior (at this special

type of a ,nt’ poI yrn’’r a ’Omp( s U’ -

——---‘----

~

-- - - - -

~

- - - - — - -..—- --- - .  -- -- .— — ----
~~~~~~~~~

----- -
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The initial slope of the 0/ 90 composite modulus is t h e  sum through the thickness

of the plane-stress sti ffness of eac h layer. As the laminate is deformed , each p ly

possess es the same in-p lane strain and when the strain on the 9Q
0 layers reaches the

strain level at w hich ply failure occurs , the 900 layers crack and craze. Separat ion

and fracture of the matrix- fiber bond occurs for the 900 layers . Fo the 0/90 0 cur

struction , the ratio of the ultimate failure stress to the crazina stress is 1 .7 . The failure

:f the 900 layers i n the lam i nate prevents the 900 layers from carry ina their maximum

potential load . This load is transferred by the LOPE matrix to the 00 layers resulting

in a loss of laminate modulus. As shown in Figure 11 , continual loading ultimate ly

produces failure of the composite when the strain capabil i ty of the 00 layers is exceeded

and/or the matrix fi ber bond of the 0° layers is sheared . As shown in Figure 11 ,

there is a rapid drop in the load sustained by the composite and the films berain to pull

out of the matr ix .  The strain at which the stress is a maximum in Figure 11 is - 0 .1

which is comparable to the strain required to produce interfac ial  failure of the poly

ethy lene compos ite as shown in Figure 3.

Figure 12 shows the fracture and crazing behavior of cross - ply Iami nata ’~

with the ultradrawn HOP E fi lm stri ps embedded in LDPF at ± ( 3  deqrees to thn tensile

axis .  f t  varied from 0 to 90

In general , as the composites were deformed , crazinu and stress w hitening of

the fi Irri stri ps were observed just prior to fracture of the interfaci al bond. F rum

Fi gure 12 it is noted that fracture occurs near one end of the dumbbell- -shaped

specimen. Fracture occurred at the low strength part of the fi lm str i p. Al l  f i lms

were embedded with the low draw ratio section at one end of the dumbbell specimen -

The athier end of the specimen contained the highest modulus POPE - Extensive craz ing

w as  ol ser ved just  prior (1) f racture at the ross over poi r it s ol each fi lu ot - rented • (3

to (l ie (a f lSllt± ax is .

- -- — - - -  - - -  - --.------ , - . --- -- — - -—— -- -‘ - --~~--— - -.--—-- _ _ _ _ _
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lv . CONCLUSIONS

1. High streng th compos ite s can he prepared usina HOPE film str ips ~‘nd

tibers embedded in both low and high density linear pol yethy lene.

2. The optimum temperature range required for bondinq a lateral ly unconstra ino(f

llF)PE fi ber in LDPE is 130°C - 132°C. Below 130°C the bonding is mainly due taa Corn

pressive shrinkage of the matri x surrounding the fiber. At  temperatures ~beve 130 °C

the fiber is rap idly structurall y reorganized with sion if icant modulus reduction. This

optimum embedding temperature fun maximum interfacial strength should al~ o apply t a

HOPE as composite matrix , since the bonding properties are determined by the

~annealinq properties of t h e  HOPE and the expansion coeff i c ients of HOPE and L t , F ’ F

used in determining ~~~~ according to Equation 3 , w i l l  he comparable.

3. The tensile modulus of the annealed HOPE fibers , which are compos ites

having an i(ledl gradient of morphology between fiber and matr ix , obeys the law of

mi xtures rule.

4. The interlacial shear strength of the bond between l-IDPE and LOPI i5

7 .5 MPa . The critical aspect ratio for the HDPE fibers embedded in the LOPE m a t r i x

r ’~ 18 , and this apparentl y suggests advantageous uses as short HOPE fiber reinforce

Iia i’n( w here interfacial strength contro ls the mode of deformation and fracture .

5. The tensi le moduli of the uniax ia l  and continuous HOPE L OPE C(a mpoci tes

oheys the law of rn xturcs rule , Fuuation 9 .

6. The ta ’ ns i  Ic strength at ( I re I lOPE / LOPE composi te’-. does not app - a t -  to

a simp le law of m i x t r i a a ’ s , Fc;ua(ion 11 . This is an indication that the i i i t a - t  u

bonding may not he perfec t (possibl y due to incornpa(aI) ility between the I 40P1 and

f ) I~F ) , arii.l ( 3 - i t  further i i i  a~~ t reethods of i’ .—a ’ s s erq (he ad lia’sio, i  must he co ns ider  ao l

-.- --- ---— -‘-~~~~~~~~~~~~~~~~~~~~~ - —- — - - . - . - --
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7. High strength cross-p ly laminates have been prepared with the mechanical

I 
properties dependent on the ang le 0 the HOPE thin films are embedded in t I re lO PE

matrix , according to the stress-strain relations of an othotrop ic composite .
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CAPTIONS FOR FIGURES

1 . Tensi le modulus of annealed ultra-oriented HOPE fibers versus (a r V~

the volume fraction of fiber.

2. the average inte r facial shear strength of the pol yethylene co mpos ite

bonding as a function of fiber embedding temperature. Embeda -Jed f i b c r

length is 1 cm.

3 . Strain to fracture of the polyethy lene interfacial I ondtna i is a function of
a fiber embedding temperature . Embedded fiber length is 1 cm.

l4 the average interfacial shear strength of the pol yethylene hard ing as

a function of the embedded fiber length . Fiber embedding temperature is

130°C.

5. Dependence of the tensile modulus of a fi lm str i p on draw ratio (using a

wedge- - shaped die with entrance width b 0.8 cm , decreasing to ar -a inset of

0.045 cm) . L is the length of the extruded film stri p.

6 . Tensile modulus of the polyethy lene composite as a function of film length at

• which the modulus was measured . V
F 

is the volume fraction of f i lm s t r ip .

1. Tensile modulus of the polyethy lene composite as a function of “F’ the

volume fraction of f i lm stri p, wi th f i lm lencith , the eriqth of the extrudate

where the modulus was measured , as the parametric var iable.

8. Tensi le strength of the polyethy lene composite as - i  function of V F. the volume

fraction of f i lm  s t r i p - TOt ’ so l id lint’ is a plot of I qt ia t iorr  11 w i tO ‘ r 0 . 1 ~i ( P a

and (T
~~ 

- .~ ‘Ta .

_ _  --- -~~~-— --- - --- - - - - - - .- --— -. . — - - - - - -- --- - - •--
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9. Tensile modulus of the pol yethy~ane cross ply lar inate as a function of

Ii , t~ e orientat ion of the film stri ps with respect to t he tensile a x i s .

E)ott~d lines are r,Iots o~ Fquation 13 wi th E
1 1 

- 0 .81  CPa , F
22 

0 . 15 CPa ,

~ I2 0.3 and C
12 0 . 3 1  CPa , upper hound, and C 12 0 .25 , lowei ha un: i

10 . Tensile strength of the po lyethy lene composite a~ a function (~~ 0 , t I a~

orientation of ~ne film str i ps with the tensile ax i s .

Stress stra in b3havior of the 0 /90 cross-pl y laminate.

12. Fracture behavior of t b- ’ polyethy lene compos i te s.

F ’

. 

- _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _
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Fi gure 5
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I gure 6
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